Engineered peptides capable of binding to silica have been used to provide contrast in chemical force microscopy (CFM) and tested for their capacity to selectively capture silica nanoparticles (NPs). Gold coated atomic force microscopy (AFM) microcantilevers with integrated tips and colloidal probes were functionalised with engineered peptides through a thiol group of a terminal cysteine which was linked via a glycine trimer to a 12-mer binding sequence. The functionalised probes demonstrated a significantly increased binding force on silicon oxide areas of a gold-patterned silicon wafer, whereas plain gold probes, and those functionalised with a random permutation of the silica binding peptide motif or an allhistidine sequence displayed similar adhesion forces to gold and silicon oxide. As the functionalised probes also allowed contact mode imaging subsequently to the adhesion mapping, also the associated friction contrast was measured and found to be similar to the adhesion contrast. Furthermore, the adsorption of silica NPs onto planar gold surfaces functionalised in the same manner was observed to be selective. Notably, the surface 2 coverage with silica NPs was found to decrease with increasing pH, implying the importance of electrostatic interactions between the peptide and the NPs. Finally, the adsorption of silica NPs was monitored via the decrease in fundamental resonance frequency of an AFM microcantilever functionalised with silica binding peptides.
I. INTRODUCTION
Proteins and peptides are promising ingredients for the fabrication of bio-inorganic interfaces, as they are known to mediate adhesion and thus enable the growth of biological materials that are often highly organised at the macroscopic and nanoscopic levels. Mineralised tissues, such as bones, teeth, spines or shells, contain proteins which function as binding agents for the mineralisation process. 1, 2 In addition, proteins allow for the modification of biomaterial surfaces to confer recognition and selectivity. 3 Considerable efforts have been made to utilise proteins and protein-derived molecules for the controlled assembly of nanostructured materials. 4, 5, 6, 7, 8 A time-effective approach to select solid-binding peptides with a high binding affinity to a specific target material is combinatorial display technology, an approach based on iterative affinity selection procedures. 4 Typically, such biopanning protocols involve phage display or cell-surface display techniques. 4, 5, 8 Peptides singled out by such a genetic selection process are frequently referred to as genetically engineered peptides. More specifically, they are referred to as genetically engineered peptides for inorganics (GEPIs) if they were designed to bind to inorganic materials. 1, 5, 9 Using such affinity selection procedures, peptides have been identified that bind selectively to specific inorganic materials 8 , including metals (Au 10, 11, 12 ; Al 13 ; Pt 14 ; Pd 12 ; Ti 15, 16 ), oxides and semiconductors (CuO 2 and Cu 2 O 7 ; GaAs 13 ; CdS 17 ; ZnS 11, 17 ; ZnO 18, 19 ) and minerals (hydroxyapatite 20 ; calcite 5, 21 ; sapphire 22 ). Also selective binding to organic compounds such as carbon nanotubes 23 , graphite 24 , graphene 25 and polymers 3, 26 has been demonstrated.
Sanghvi et al. 3 identified a peptide that selectively binds to polypyrrole, an electrically conductive polymer. Jaworski et al. 26 developed a gas sensor for explosives, involving a highly selective receptor based on peptides.
To quantify the selective binding behaviour of engineered peptides, a measurement technique for adhesion forces is needed and, ideally, sufficient spatial resolution to identify different areas of a chemically heterogeneous or patterned surface. Atomic force microscopy (AFM) meets these requirements, via force measurements between a surface and a sharp tip attached to a micro-cantilever. 27, 28 Spatial variations in the force interaction of a surface with a certain molecular species can be measured by covalently attaching such molecules to the AFM tip and recording force-distance curves (FDCs) over an array of spots on the surface (force volume mode). This approach of force measurements as a function of the AFM tip chemistry is frequently referred to as chemical force microscopy (CFM). 29, 30, 31, 32, 33, 34 Alternatively to the measurement of FDCs, contrasts related to surface chemistry can be obtained in lateral force microscopy (LFM), that is, by imaging in contact mode and recording the torsional cantilever deformation resulting from friction forces between AFM probe and surface. 30, 33, 34, 35, 36, 37 Typically, functionalisation strategies for CFM are based upon silane or thiol chemistry to modify silicon or gold coated AFM probes with molecules that bind to constituents of the surface under investigation. 30, 32, 33, 34 In the case of biomolecules, specific force measurements can be achieved through molecular recognition, e.g. ligand-receptor binding where selective interactions result from several bonds assisted by the shape of the binding molecules. 31, 34, 38 In the case of simple organic molecules or inorganic surfaces, however, the level of chemical selectivity afforded by common functionalisation strategies is comparatively low. Significant improvement should arise from the availability of engineered peptides selected from combinatorial peptide libraries, and promising work taking this approach has been reported. 16 Using AFM tips modified with a titanium binding peptide, Arai et al. 16 demonstrated CFM of patterned Au/Ti surfaces in water.
Effective exploitation of the peptide binding behaviour needs guiding rules to tailor peptides and achieve the required levels of selectivity and specificity. 8 In general, the selectivity of a peptide or protein for a surface can originate from both chemical and structural recognition. 39 The former may involve short-and long-range forces, including hydrogen bonding, Coulomb forces, dipole-dipole interactions and van der Waals forces. 40, 41, 42 The latter may involve molecular conformation, folding, size or surface morphology. 41, 43, 44 Often, genetically engineered peptides do not reveal any specific conformation, and the surface-binding properties may be driven by an adaptation of peptide residues to the interfacial features existing on metal surfaces.
5
In an extensive study of the binding behaviour of fluorescently tagged homopeptides, Willett et al. 13 demonstrated that increased adhesion levels occur preferably between insulator surfaces and homopeptides made of the amino acids arginine, lysine, histidine, aspartic acid and glutamic acid (R, K, H, D and E, respectively) 45 with charged side groups. Several studies have shown that charged residues play an important role 3, 7, 11, 13, 46, 47 , but other factors may be of comparable relevance, such as the way the peptide is presented to the material and the way the structure deforms upon surface binding. 7, 8, 48 Notably, histidine (H) 45 has been employed abundantly in engineered peptides. 11, 46, 49 It has a polar, basic side chain and is known for binding to nickel 50 , iron and zinc 49, 51 . Furthermore, homohexamers of H 45 were found to bind to several II-VI semiconductors 11 , thus indicating that its binding behaviour is not highly selective. Hence, selectivity may need a variety of residues in a sequence, with both the type and order of residues being of relevance. As a starting point to study the effects of adjacent residues, heteropeptides made of two different residues were investigated. In an analysis of interdigitated peptide sequences of the general form XHXHXHX, with X representing one of the 20 natural amino acids, the residues K and W 45 were found to increase the level of adhesion. 11 These findings would suggest that material specificity can be improved by adding structural constraints that favour certain bond angle ranges.
Here, we evaluated the potential of the Si4-1 silica-binding peptide motif presented and tested by Naik et al. 5 
II. MATERIALS AND METHODS
Peptides: Engineered peptides were purchased from GenScript (Piscataway, NJ) and are described in Table 1 . The peptide gSi4-1 contains the silica-binding peptide motif Si4-1 described by Naik et al. 5, 52 , but also includes a terminal C and an adjacent GGG trimer. The peptide gSi4-1s contains a motif having the same number of the same amino acids found in gSi4-1, but displayed in a random order (scrambled sequence). Importantly, gSi4-1s has the same mass and charge as gSi4-1, but a different amino acid order and, for this reason, was utilised to analyse whether the amino acid order in the silica-peptide interaction is important. In view of the high number of H residues found in gSi4-1, a further control peptide was utilised, gHis12, where all the amino acids of the peptide sequence were replaced by H 45 . All the peptides were designed to have a unique N-terminal cysteine residue to direct their binding to gold and a tri-glycine spacer to confer flexibility to the orientation and movement of the main peptide sequence. Stock peptide solutions of ~1 mM concentration were prepared in ultrapure water (resistivity > 18 MΩ cm). Their concentration was measured by absorption spectroscopy (Lambda 850 UV-Vis spectrometer, Perkin Elmer, MA) through the peptide extinction coefficient. 62 For calculation of the peptide isoelectric point, pI, a routine was used that sums up the pI values of its amino acids and end groups. 63 An additional control peptide was gAG4, which is derived from a sequence first described by Naik et al. 64 and has a binding affinity for silver.
Test surfaces for CFM:
The test surfaces for CFM measurements consisted of thermally oxidised Si chips (Si<100> wafer with a 10 nm thermal oxide layer) which were patterned with a regular array of gold squares. Employing a coater deposition system (tectra, Germany), periodic square areas of gold on thermally oxidised Si chips were produced by thermal evaporation, using a copper square mesh with a pitch size of ~12.7 m (type G2786C, Agar CFM probes: Gold coated AFM probes were used to measure the adhesion force between synthetic peptides and test surfaces. Their spring constant was determined via the thermomechanical method which analyses the thermally driven fundamental resonance. 65, 66 Typically, the uncertainty of this calibration method is below ~10%. 66 Employing the optical viewing system of the Cypher AFM (Asylum Research, Santa Barbara, CA), the laser spot was carefully placed nearby the free end of the AFM cantilever, thus minimising uncertainties associated with variations in the laser spot position. Both AFM probes with an integrated tip and with a colloidal probe were used. The former were of the type BL-RC-150VB (Olympus, Japan) with a typical tip radius of R ~25 nm and a typical normal spring constant of k z ~80 pN/nm. The latter were of type CP-PNPL-Au-A (Sqube, Germany) with a probe radius in the range R ~1.5 -3 m and a spring constant of k z ~30 pN/nm. Both types of probes were gold coated to allow for chemical attachment through thiol chemistry.
Subsequently to treatment in an UV/ozone cleaner (Uvocs, Philadelphia) for ~15 min, the AFM probes were functionalised by dipping for ~100 s into a 1 mM aqueous solution of the peptides. Immediately after the dip coating, the probes were washed in deionized water to remove excess amounts of the peptides.
CFM measurements: For all force mapping and LFM measurements, a Cypher AFM system was employed. The instrument was operated in a laboratory controlled to (22 ± 1) °C and (44 ± 10) % relative humidity. It was calibrated with an NPL-traceable blaze grating and a step height standard to ~6% relative uncertainty. To prevent optical interference effects which may cause oscillations of the deflection signal, the laser for readout of the cantilever deflection was replaced with a superluminescent diode (Asylum Research). All CFM measurements were taken in a 10 mM sodium phosphate buffer solution containing ~0.2 wt% Tween20 (Poly(oxyethylene) sorbitan monolaureate C 58 H 114 O 26 ; Sigma Aldrich), a non-ionic surfactant that is frequently used to suppress non-specific interactions 15, 67 . Cantilever mass balance: Cantilevers of type BL-AC40TS from Olympus were mounted on a
Cypher AFM system and immersed into drops of the plain buffer or a NP suspension with SiO 2 NPs of ~100 nm diameter. Employing the AFM setup, thermally activated oscillations of the cantilever were monitored in-situ. A spectrum was obtained after Fouriertransformation of the cantilever deflection signal and the peak frequency determined via a fit of the harmonic oscillator model to the fundamental resonance peak. The buffer was a 10 mM sodium phosphate solution at pH 5.5. For functionalisation with SiO 2 binding peptides, the cantilevers were treated in the same manner as the cantilevers used for force mapping measurements (see above). Owing to the gold reflex coating of BL-AC40TS type probes, the cantilever side opposite to the tip side is suitable for functionalisation with the SiO 2 binding peptide gSi4-1 used for the CFM measurements. The cantilevers are made of silicon nitride and of rectangular shape with a length of (38 ± 10) m and a width of (16 ± 1) m (data provided by the manufacturer). In air, the cantilever resonance frequency was in the range from ~81 to 92 kHz and the spring constant in the range from ~45 to 81 pN/nm.
Nanoparticles: Stöber silica particles 68 were synthesized following the protocol of Kim et al. 69 Tetraethyl orthosilicate (TEOS) (≥ 99 %), methanol, ammonium hydroxide (~30 %) and isopropanol were used as received from Sigma-Aldrich (St. Louis, MO). Briefly, ultrapure water and ammonium hydroxide were added to methanol and stirred for 5 min before addition of TEOS, which was left to react for one hour at 20 °C. NPs with an average size of ~100 nm were synthesized by tailoring the reactant concentrations. 70 The NP suspensions were then washed three times by centrifugation using isopropanol, dried under vacuum and 
III. RESULTS AND DISCUSSION

A. AFM force mapping using peptide-functionalised probes
In AFM force mapping, FDCs are measured over an array of points on the surface under investigation. 31 From the FDCs recorded at each point, maps of the surface height variations and of the adhesion force are extracted. The height results from the distance at which the set peak force is obtained, and the adhesion force results from the depth, , of the pull-off peak ( Fig. 1(b) ) occurring upon retraction of the probe from the surface. The spatial resolution is limited as the acquisition times are much longer than with most AFM imaging modes and a comparatively low pixel resolution needs to be chosen. Otherwise, the acquisition time amounts to several hours and the measurement can be impaired by thermal or electrical drift effects. Digital masks corresponding to the Au squares and the areas in between (bare SiO 2 wafer surface) were selected for statistical analysis. The masked adhesion maps are shown as insets to Fig. 1(c) , in which the greyscale has been renormalized. Areas that were not accounted for are in black. To eliminate contributions from step edges where the probe-sample contact area is ill-defined, the pixels next to the square edges were omitted. The histogram resulting from an adhesion force map shows two distributions as illustrated in Fig. 1 (c) , and the gap between the peaks of both distributions is a measure for the adhesion contrast ∆ . In the case of Fig. 1 (c) this is ~19 nN (for uncertainties see Table 2 and the discussion below). It should be noted that the distributions are slightly skewed as there are non-zero contributions to the right side of the peak which are not fully covered by the Gaussian fits. However, the resulting values of the most likely pull-off force of ~5 and ~24 pN (Table 2 ) are in good agreement with the median values of ~7 and ~25 pN, respectively. In contrast, the arithmetic mean is more susceptible to the presence of distribution tails and thus yields larger values of ~21 and ~27 pN, respectively.
It is conceivable that a background of non-specific binding makes a contribution to the total binding force measured. To suppress this effect, the buffer solution contained ~0.2 wt% of the non-ionic surfactant Tween20. 15 , 67 Yet a non-zero offset due to remaining non-specific contribution to the measured values may occur. A measure for this offset is the average value of ~5 pN measured on the Au squares ( Fig. 1(c) and Table 2 ). Assuming that this non-specific offset was similar for both the Au and SiO 2 surfaces, the adhesion contrast, ∆ , was due to the oligopeptide-surface interaction and is likely to scale with the number of oligopeptides capable of interacting with the surface. Thus, larger diameter probes will show higher adhesion forces and this is consistent with the findings we present later (see Fig. 4 and the related discussion).
To confirm that the observed adhesion force contrast can be attributed to the oligopeptide gSi4-1, the same measurements were carried out using probes functionalised with alternative sequences (Figs. 2, S2 and 3) as well as bare probes with no functionalisation other than the gold coating (Figs. S3 and S4 ). The alternative oligopeptides analysed were the stochastic sequence gSi4-1s with the same sum formula as gSi4-1 but a random sequence of amino acid residues (scrambled sequence) and the all-histidine sequence gHis12. In all these control experiments, no significant contrast was observed. Similarly to the adhesion force, the lateral force was found to be larger on silica surfaces than on Au surfaces (Fig. 4(b) ). The lateral force is measured via the torsional deformation of the cantilever and results from the friction force acting in the tip-sample contact when dragging the tip across the surface. Such an LFM image is measured in contact mode which also yields a topography image (Fig. 4) , reflecting the height adjustments required to maintain a constant deflection of the AFM cantilever. For a microscopic contact with adhesive interactions between both surfaces, the friction force, , can be described by the Bowden-Tabor model. 71, 72 It states that scales with the contact area, , and the interfacial shear strength, , as a constant factor, i.e. . As sliding motion of the AFM tip across the surface involves continuous formation and rupture of "bonds" across the tip-sample contact, is expected to increase with the adhesion forces and has been found to scale with the interfacial adhesion energy. 72, 73, 74 In addition, through the scaling with the contact area, also depends on the elastic-plastic deformation behaviour of the contact and the roughness of the mating surfaces. Consistently, in the case of an AFM tip functionalised with the scrambled peptide gSi4-1s which shows negligible adhesion contrasts, no friction contrast has been observed between the gold and silica areas ( 1(b) and 4(c)) and the friction (Fig. 4(b) ) contrasts observed, i.e. a higher friction force is measured where the adhesion force is increased, it may be concluded that the differences in deformation or roughness between Au and silica surfaces played a minor role, if any (see Sec.
S.1 in the Supplementary Material for further discussion).
The results from the CFM measurements are summarised in Table 2 which gives the centre values and the widths of the Gaussian fits to the distributions. The ratio of the adhesion contrast between the Au and SiO 2 areas, ∆ , and the mean peak width of the adhesion force histograms, , is also included. A value greater than ~1 indicates that the observed contrast is significant. Clearly, a difference is found between the adhesion behaviour of the initial sequence gSi4-1 ( ∆ / > 1) and all other functionalisation types investigated ( ∆ / < 0.5). In particular, in the case of gSi4-1s no significant adhesion contrast was observed (Figs. 2 and S2 ). This is noteworthy since gSi4-1s is a randomised version of gSi4-1, i.e. it differs from gSi4-1 only in the order of amino acids. Thus, this finding suggests that the particular sequence of amino acids is critically important for the distinct adhesion behaviour displayed by gSi4-1 (Figs. 1, 4 and S1). Fig. 4(c) , the average adhesion force was ~43 pN on Au coated areas and ~96 pN on silica areas. Thus, on SiO 2 the average adhesion force was increased by ∆ ~53 pN, i.e. the adhesion force difference was ~3 times larger than in the case of Fig. 1(b) .
Furthermore, in the case of a measurement using a colloidal probe functionalised with the silica-binding oligopeptide (Fig. S1(c) in the Supplementary Material), the adhesion force difference was ∆ ~160 pN and thus ~8 times larger than in the case of Fig. 1(b) . Indeed, the larger radius ( ~1. Finally, it is interesting to compare the measured adhesion difference of ∆ ~19 pN (or multiples thereof) between Au and SiO 2 areas (Fig. 1(c) ) to typical values of bond rupture forces, bearing in mind that measured bond rupture forces are a function of the unloading rate. 27 Approximately, they are ~2000 pN for the covalent bond between silicon and carbon 75 , ~100 to 200 pN for a biotin-streptavidin pair (see 76 and references therein) as an example for a ligand-receptor pair, and in the range of ~1 to 8 pN for a single hydrogen bond 77 . Hence, one may surmise that the observed adhesion force difference of ~19 pN ( Fig. 1(c) ) is equivalent to several hydrogen bonds. However, assigning the adhesion force difference to a single type of interaction could be misleading, as several force contributions may occur alongside each other, such as hydrogen bonds and electrostatic interactions. Notably, the total interaction force measured seems to include non-zero contributions from non-specific interactions (Table 2) , such as van der Waals forces or hydrophobic attraction occurring in aqueous solution. The possibility of combined interactions has also been emphasized by Hara and co-workers. 15, 16 For the specific interaction between their titanium binding peptide and a Ti/TiO 2 surface, measured in water, they reported a combination of two electrostatic interactions and one hydrogen bond.
B. Adsorption of nanoparticles on peptide thin films
Gold surfaces functionalised with gSi4-1 where analysed by XPS. Representative survey and high resolution spectra are shown in Fig. S6 in the Supplementary Material. XPS data were analysed 78 and an average thickness of ~2.2 nm was obtained for the peptide layer, as described in Sec. S.2 in the Supplementary Material. This result is consistent with the hypothesis of a single peptide layer adsorbed onto the gold surface. Peptide monolayers were exposed to an aqueous suspension containing 100 nm silica NPs dispersed in a buffer similar to that used for the CFM experiments. Figure 5 (a) shows a typical SEM image of such surfaces after they were rinsed to remove any loosely bound particles. Material). It can be inferred that the SiO 2 NPs adsorbed on the gSi4-1 peptide layer. When the same experiment was performed using a peptide layer made of gSi4-1s peptides, we also observed adsorption of NPs, but to a lesser extent. This is consistent with CFM results, where the affinity of gSi4-1s functionalised cantilever probes for silica was reduced with respect to the gSi4-1 peptide. However, the adsorption of silica NPs is significant on gSi4-1s peptide surfaces, at almost 40% of that measured on gSi4-1 surfaces. It seems likely that electrostatic interactions and hydrogen bonding through the H residues play a major role in the interaction of the NPs with the peptide layers. The number of positively charged residues in peptides has been found to influence their ability to attract silica NPs. 79 For example, several engineered peptides showing a high affinity to thermally grown silica have been presented by Eteshola et al. 46 They noted enhanced levels of H in most of their peptides whereas the frequency of other basic amino acids, such as K and R 45 , did not change significantly with selection.
Because both gSi4-1 and gSi14s peptides have 5 H residues each, it is possible that the interaction between the silica NPs and the peptide monolayers is influenced by the overall content of H residues. When a peptide free of H residues was used to form the peptide layers, namely the peptide gAG4 which is known for binding silver 64 , SiO 2 NP adsorption was ~8.5% of the NP density observed on gSi4-1 peptide layers. A representative SEM image is shown in Fig. 5 (c).
The measurements described so far were performed at a pH below the isoelectric point of the peptides, which is pH 8 for the gSi4-1 and gSi4-1s peptides and pH 6.5 for the gAG4
peptides (see Table 1 ). At acidic pH, protonation of the peptides is expected to confer a positive charge to the peptide layers. On the other hand, the silica NPs have a negative charge over a wide range of pH 47, 79, 80, 81 due to partial ionization of the surface silanol groups by trapping of OH -ions 81, 56, 82, 83 , thus resulting in the formation of Si=(OH) 2 -species that allow anionic hydrogen bonding 56, 82 . We measured a -potential of the SiO 2 NPs varying from ~ -22 mV at pH 4 to ~ -56 mV at pH 11. Possibly, unspecific attractive electrostatic forces contribute to the adsorption of the SiO 2 NPs onto the peptide surfaces. It should be noted that at acidic pH NPs may be more prone to agglomeration, as a maximum in adhesion between silica surfaces has been observed 82 , which is consistent with the more positive -potential values we measured at this pH. To test this hypothesis, the adsorption of the NPs onto the peptide layers was attempted while dispersing the NPs in a solution having alkaline pH (pH 10). At this pH, the peptide layers are expected to bear an overall negative charge, while the SiO 2 NPs are also negatively charged. As shown in Fig. 5(d) , a very low adsorption of NPs was observed on these surfaces, which would suggest that, in this pH regime, the electrostatic repulsion dominates the interaction between the peptides and the NPs. The level of NP adsorption observed at alkaline pH was comparable to that observed on surfaces covered with only methylated PEG (results not shown) and close to zero.
We conclude that in the case of adsorption of NPs on peptide layers the electrostatic effects are important, but there is clear evidence here for an additional specific interaction between the gSi4-1 peptide and the silica particles. This is consistent with the CFM results, which were also performed under slightly acidic conditions conferring a net positive charge to the peptides. Compared to the case of extended peptide films on a flat substrate, however, in the case of CFM using AFM tips the peptides are attached to the highly curved surface of a nanoscale tip. In this geometry, the peptides are likely to be less crowded than in the case of a peptide monolayer on a flat surface, which would suggest that the segmental mobility is increased and thus a binding amino acid sequence more readily exposed to the silica surface.
Furthermore, the presence of surfactant Tween20 in the CFM experiments should have weakened the electrostatic interaction 15, 67 , which may explain the reduced force of interaction observed for the scrambled peptide sequences gSi4-1s compared to the case of extended surfaces.
C. Monitoring the adsorption of nanoparticles on peptidefunctionalised microcantilevers
Here, we test whether the adsorption of SiO 2 NPs onto a surface can be monitored through the measurement of changes in resonance frequency of a microcantilever immersed into a suspension containing the NPs. This approach has the advantage of potentially being in-line integrable into a device to provide both a simultaneous and quantitative response to the presence of specific NPs suspended in a liquid medium.
The surface of the micro-cantilever was functionalised with the SiO 2 -binding peptide, similarly to the force mapping experiments described in Sec. III.A. Upon adsorption of NPs, the total mass of the AFM cantilever will increase and thus its fundamental resonance frequency decrease. Adsorption induced mass changes can thus be monitored via changes in the resonance frequency of the oscillator, similar to a quartz crystal microbalance. 84, 85 To allow a larger sensitivity, ultra-small cantilevers with a length of ~38 m were used.
Owing to their small size and mass, an increase in their total mass, ∆ , caused by NP adsorption results in a relatively large change in resonance frequency, ∆ . Neglecting hydrodynamic considerations, the mass sensitivity, ∆ ∆ ⁄ , of a rectangular cantilever scales with 1 ⁄ , where and are the width and the length of the cantilever, respectively. 86, 87 After functionalisation of the cantilever with the SiO 2 binding peptide, its thermomechanical spectrum was measured in plain buffer to establish a value for the initial resonance frequency under equivalent conditions. Then the cantilever was immersed into the SiO 2 NP suspension with a concentration of NPs of ~1.0 or 0.5 mg/mL. For each experiment a new cantilever was used. In the case of the measurements shown in Fig. 6 , the average peak frequencies measured in the plain buffer were ~21.82 kHz and 21.79 kHz, respectively. No significant variation was observed over a period of ~40 min. After immersion of the cantilever into the NP suspension, however, strong variations in its peak frequency were observed which can be described in terms of an initial drop and a subsequent linear decrease at a constant rate over the period covered. The first measurement was taken ~4 min after immersion of the cantilever, since the time resolution of the series was limited by the acquisition time for thermomechanical noise spectra which were accumulated to obtain a sufficient signal-tonoise ratio. The initial drop, ∆ , was ~0.11 and ~0.71 kHz for the concentrations of 0.5 and 1.0 mg/mL, respectively. For both concentrations, the peak frequency was found to decrease over the monitored period of time (≤120 min) in a linear manner, with a rate of ~ -2 Hz/min (Fig. 6 ). This finding implies that the adsorption of NPs on the cantilever surface occurred at a constant non-zero rate. In contrast, control experiments (Fig. S8 in the Supplementary Material) using nonfunctionalised cantilevers of the same type showed relatively flat curves, e.g. in the case of 0.5 mg/mL concentration the decrease in peak frequency over time was negligible (in the order of 10 -2 Hz/min). Furthermore, a non-zero but comparatively small initial frequency drop, ∆ , of ~ -0.07 kHz was observed in both cases. In general, the observed frequency variations suggest adsorption kinetics with an initial non-linear regime of NP adsorption at high rates and a subsequent regime with adsorption at a lower but constant rate due to kinetic limitations on diffusion. Interpretation of the response of cantilevers of this type is not straightforward. As outlined in a theoretical study employing a mesoscopic model 88 , the response of a cantilever sensor functionalised with an organic monolayer depends on several interactions, including elastic effects related to the different deformation behaviour of passive cantilever coatings, e.g. metal coatings, and the functional monolayer, as well as effects related to the surface charge density or conformational changes of the molecules and adsorbates.
IV. CONCLUSIONS AND OUTLOOK
In this study, the use of a SiO 2 -binding engineered peptide has been explored for CFM on a patterned silica surface and selective NP capture:
• AFM force mapping using probes functionalised with SiO 2 binding peptides has shown an increased adhesion force on SiO 2 areas of a patterned test sample. Control experiments using a random permutation of the silica binding motif (scrambled sequence) and an all-histidine sequence confirmed the selective binding behaviour. The significantly smaller adhesion force measured in the case of the scrambled sequence demonstrated that the sequence order of residues plays an important role in establishing the recognition between the peptide and the silica surface, further to the sequence composition.
• LFM imaging undertaken concurrently, using the same AFM probe, showed an increased friction force on the silica areas, thus indicating that the friction between AFM probe and sample was dominated by the adhesive interaction. Importantly, the probe functionalisation was robust to the shear forces upon scanning and allowed stable contact mode imaging over one or more scans.
• The capture of SiO 2 NPs on peptide films was demonstrated. Electrostatic forces between the peptide layers and the silica NPs were found to play an important role in the adsorption of the NPs on the substrates. However, maximum adsorption was observed on the silica binding peptide layer, showing that the specific peptide motif was mainly directing the silica NPpeptide assembly.
• Functionalised AFM cantilevers immersed into a NP suspension with SiO 2 NPs showed a decrease in the fundamental cantilever resonance frequency, thus potentially enabling monitoring of the adsorption process. Further exploration of this route may well take CFM to a new level where probe functionalisation is highly specific and can be tailor-made by drawing from combinatorial peptide libraries.
